This work reports on advanced stencil lithography using compliant membranes. Compliant membranes are mechanically decoupled from a rigid silicon frame by means of four non planar cantilevers. Compliant membranes are protruding parts which adapt to the surface independently in order to reduce the gap between a membrane and its substrate. FEM simulations show that compliant membranes can vertically deflect 40 µm which is a typical maximal gap. Microapertures were defined using UV lithography and nanoapertures, down to 200 nm in diameter, using FIB. A 100 nm thick aluminum layer was evaporated through compliant and non compliant membranes on a silicon wafer. Subsequent SEM characterizations have shown a smaller halo diameter around the structures patterned by compliant membranes.
INTRODUCTION
Stencil lithography is based on the principle of shadow mask technique, in which a solid mask is used to locally pattern the surface. This method can, for example, be applied to thin-film deposition, plasma etching or ion implantation through the apertures in the mask. The use of stencil lithography avoids resist coating, baking of the wafers and exposure to chemicals. Stencil lithography has demonstrated to be a valid technique for the patterning of micro-and nanometric structures [1] [2] [3] [4] [5] .
A remaining challenge in stencil lithography is the socalled blurring, i.e. the enlargement of the transferred structures on the substrate compared to the aperture in the stencil ( Figure 1a ) [6] . The blurring is caused by two effects. First, the transferred structures are larger due to the geometrical blurring. It is documented that the geometrical blurring depends on the gap between the stencil and the substrate [7] . Due to the typical non-planarity of stencil and substrate, the gap of several microns to tens of microns is unavoidable with a standard configuration. Second, the transferred structures have a thin halo around which is caused by surface diffusion [8] .
We propose a solution to reduce the gap based on a novel geometry consisting in a stencil with protruding parts which are mechanically decoupled from the silicon frame of the stencil wafer (Figure 1b) . 
FEM SIMULATIONS
In order to accomplish the targeted goal, we studied the behavior of different geometries by means of FEM simulations. The preferred geometry due to its linear behavior and the simplicity of the fabrication process consisted in a square SiN membrane connected to the silicon body by 4 non-planar SiN beams. The FEM simulations show that a 660 µm x 660 µm membrane supported by four 250 µm long and 500 nm thick cantilevers deflects 40 µm under a load of 25 µN ( Figure  2 ). 200 µm long and 150 µm long beams require a load of 45 µN and 72 μN respectively. A deflection of 40 µm was chosen because experiments showed that this is a typical maximum value for a gap between substrate and stencil membrane. 
FABRICATION
The fabrication of compliant membranes starts with a 100 mm silicon wafer. The silicon wafer is coated with 200 nm SiN by low pressure chemical vapor deposition (LPCVD). Squares of SiN were left on the wafer after photolithography and subsequent dry etching. The wafer was exposed to KOH for 2 h to define 40 µm high mesa structures (Figure 3a) . The SiN mask was removed by HF etching and a 500 nm thick low stress SiN film was deposited by LPCVD (Figure 3b ). 1.6 mm x 1.6 mm backside openings of the compliant membranes for the final etching in KOH were then defined by photolithography and dry etching (Figure 3c ). The frontside with its 40 µm high mesa structures was coated using a 14 µm thick resist layer. Optimized resist exposure and development result in a mask of membrane supporting cantilevers on the KOH slope and micrometric membrane apertures. During the same UV lithography step, apertures of compliant membranes were defined on top of the mesas and apertures of non-compliant membranes between the mesas. Dry etching followed the UV photolithography to transfer the pattern into the SiN (Figure 3d ). Due to the mesa structures the resist thickness was not constant all over the wafer which results in a different resolution of membrane apertures on top and between the mesa structures. Finally, a backside etching in KOH released the membranes from the bulk silicon (Figure 3e , Figure 4 and Figure 5a ). After releasing, arrays of nanoapertures were defined on compliant and non-compliant membranes by focused ion beam milling (Figure 3f and Figure 5b ). The nanoapertures are dot shaped and have diameters of 200 nm, 300 nm, 450 nm and 900 nm respectively. The stencil was placed on a 100 mm silicon wafer with a native silicon oxide surface layer. Putting the stencilsubstrate configuration into a vacuum chamber, a 100 nm thick aluminum film was evaporated by electron beam physical vapor deposition through the stencil onto the silicon wafer. The evaporation speed was 4 Å/s. SEM inspection revealed that the performance of the membranes in contact with the substrate is comparable to the FEM simulations. The cantilevers are deflected upwards while the membrane is touching the surface (Figure 6 ). Subsequently, the stencil was removed from the substrate leaving the aluminum pattern on the silicon wafer.
SEM inspections of the aluminum pattern on a silicon wafer show a low contrast between the halo of aluminum and the silicon wafer surface. To enhance the contrast, the patterned wafer was exposed to dry etching chemistry for a 15 s silicon etching using the patterned aluminum as a mask ( Figure 7) . 
BLURRING OBSERVATION
The aluminum structures on the substrate present a central thick part corresponding to the membrane aperture plus a geometric factor. This geometric factor is a contribution of the geometrical blurring which is caused by the gap between membrane and substrate. There is also an additional thin halo around the central thick part. This halo is presumably caused by surface diffusion (Figure 8) . SEM characterization of the patterned aluminum structures was used to measure the diameter of the central thick part as well as the diameter of the halo. Careful inspections show that the diameter of a halo patterned by a non compliant membrane (Figure 8a ) is approximately 35 % larger than a halo patterned by a compliant membrane (Figure 8b ). The surface diffusion contribution was minimized by the use of compliant membranes, as it can be seen in Figure 9 . 
CONCLUSION AND OUTLOOK
We have demonstrated that the use of a compliant stencil reduces the blurring as it adapts the stencil membrane to the surface and minimizes the gap between stencil and substrate. Ongoing work includes the definition of nanoapertures by means of e-beam lithography, for which blurring effects on wafer scale is the predominant reason for resolution loss. We anticipate that with a compliant stencil, sub-micrometer stencil lithography becomes reliable on full-wafer scale.
